Introduction {#Sec1}
============

Porcine epidemic diarrhea virus (PEDV), a member of the *Alphacoronavirus* genus from the *Coronaviradae* family, mainly infects swine enterocytes and causes intestinal atrophy, dehydration, and diarrhea in pigs (Chasey and Cartwright [@CR3]; Huang et al. [@CR8]). Generally, PEDV is considered as a food-borne and water-borne pathogen and mainly transmitted through the fecal--oral route. However, recent studies showed that PEDV can also be transmitted through the air (Alvarez et al. [@CR1]; Beam et al. [@CR2]; Li et al. [@CR12]). Even though PEDV has been found in pig herds for more than 40 years, it did not cause severe outbreaks and significant economic losses previously. However, new PEDV variant strains with extremely high virulence to piglets had reemerged in pig farms of China since late 2011 (Li et al. [@CR11]; Sun et al. [@CR23]) and had been found in the Americas, the European Union, and Asian countries since then. The reemerged PEDV strains caused up to 100% mortality in suckling piglets younger than 1 week due to the high virulence of these variants and the lack of a mature immune system in piglets (Stevenson et al. [@CR22]).

Similar to other members in the *Coronaviradae* family, PEDV mainly contains four structural proteins: spike protein (S), envelope protein (E), membrane protein (M), and nucleocapsid protein (N) (Kocherhans et al. [@CR9]). Among them, the N protein packages the PEDV genomic RNA into a helical ribonucleoprotein (RNP) and plays a fundamental role during virion assembly through its interactions with the viral genome and membrane protein M (Egberink et al. [@CR5]). It also plays an important role in enhancing the efficiency of subgenomic viral RNA transcription as well as viral replication (Egberink et al. [@CR5]). Additionally, N protein is highly conserved between different PEDV strains (Song and Park [@CR21]). Therefore, the N protein can be used as a target for early detection of PEDV infection and evaluation of immunization efficacy raised by PEDV live vaccine.

To facilitate comprehensive research of PEDV infection and immune responses, we prepared a series of monoclonal antibodies (mAbs) targeting PEDV-N protein in this study. The functions of these mAbs were validated by enzyme-linked immunosorbent assay (ELISA), indirect immunofluorescence assay (IFA), western blot assay, and flow cytometry.

Materials and methods {#Sec2}
=====================

Cells, virus, and mice {#Sec3}
----------------------

A mouse myeloma cell line (SP2/0, ATCC CRL-1581) was cultured in DMEM basic medium containing 20% fetal bovine serum (FBS) in a 37 °C CO~2~ incubator while African green monkey kidney cells (Vero-E6, ATCC CRL-1586) were maintained in DMEM medium containing 10% FBS. All culture media were supplied with 0.1 mg/ml streptomycin and 100 IU/ml penicillin. The PEDV LJX01/2014 strain was isolated from a pig farm and propagated in our laboratory into a cell-adapted virus. It is publicly available through the corresponding authors upon request. Six-week-old SPF BALB/c mice were housed in isolators located at Lanzhou Veterinary Research Institute (LVRI) animal facility. All animal works were done according to the animal care protocol which was approved by the LVRI experimental animal committee.

Expression of full-length and truncated PEDV-N proteins {#Sec4}
-------------------------------------------------------

The full-length open reading frame of N protein from PEDV LJX01/2014 strain (GenBank accession number MK252703) was amplified using a standard RT-PCR procedure with primers N-F: 5′-CG*GGATCC*ATGGCTTCTGTCAG-3′ (contains a *Bam*H I digestible site) and N-R: 5′-CG*AAGCTT*ATTTCCTGTGTCGAAGAT-3′ (attached a *Hin*d III site), and subcloned into the *Eco*R I and *Bam*H I sites of the pET-30(a) vector (Novagen). The recombinant plasmid was verified by PCR amplification with the universal primer set, digestion with restriction enzymes, and DNA sequencing. The positive recombinant plasmid was named as pET-N. The pET-N was then transformed into competent cells BL21(DE3) for expression of a full-length protein under the induction with 0.5 mM IPTG. The expressed proteins were identified with 10% SDS-PAGE and confirmed by western blot assay using His-tag mAb as a primary antibody and HRP-conjugated goat anti-mouse IgG as a secondary antibody. The recombinant N protein was purified by nickel column affinity chromatography.

To map the epitopes of yield PEDV mAbs, the gene of PEDV-N protein was truncated into five fragments with 60-bp overlap between two fragments and cloned into pET-30(a) vector. The detailed primers amplifying these fragments are listed in Supplementary Table [S1](#MOESM1){ref-type="media"}. The truncated N protein fragments were expressed in BL21(DE3) *Escherichia coli* cells as mentioned above.

Production of PEDV-N mAbs {#Sec5}
-------------------------

Four 6-week-old female BALB/c mice, provided by the Experimental Animal Center of Harbin Veterinary Research Institute, CAAS, were subcutaneously immunized with 100 μg purified N protein mixed with 30% ISA adjuvant. Two weeks post-primary immunization, the mice were boosted twice with the same dose of N protein at a 2-week interval. Serum samples were collected for monitoring the antibody responses by indirect ELISA coated with recombinant N protein. Three days after the final vaccination, the mice were euthanized to harvest the spleen. The splenocyte single-cell suspension was prepared and fused with SP2/0 cell in 96-well plates at a ratio between 5:1 and 10:1 using polyethylene glycol (PEG 4000, Sigma). Hybridoma cells were cultured in HAT DMEM medium supplied with 20% FBS and antibiotics. Indirect ELISA coating with purified N protein was employed to screen the antibody-secreting hybridomas. The positive hybridoma cells were subcloned into a new 96-well plate by limiting dilutions. After three-round subcloning, the hybridomas stably secreting antibody were determined. For the preparation of ascites of mAb, a total of 10^6^ hybridoma cells of each mAb were injected into the mouse peritoneal cavity. The ascites was collected with a sterile syringe daily 1 week after injection of hybridoma cells.

Enzyme-linked immunosorbent assay {#Sec6}
---------------------------------

Each well of an ELISA plate was coated with 200 ng purified N protein in coating buffer overnight at 4 °C then blocked with 5% skim milk for 2 h at 37 °C. The cell culture supernatant of hybridomas was added to each well as a primary antibody and incubated at 37 °C for 1 h. After three washes, 1:2000 diluted HRP-conjugated goat anti-mouse IgG (H+L) was added to wells and incubated at 37 °C for 1 h. The 3,3′,5,5′-tetramethylbenzidine (TMB) was subsequently added to all wells and incubated in the dark for approximately 10 min and stopped with 2 N H~2~SO~4~. The absorbance values were scanned at OD450~nm~ using a microplate reader.

To identify the subtypes of mAbs obtained from this research, SBA Clonotyping System-HRP (Southern Biotech) was employed. Briefly, purified PEDV-N protein was used as coating antigen and prepared mAbs were used as primary antibodies for a conventional indirect ELISA assay. The HRP-conjugated goat anti-mouse Ig, IgG1, IgG2a, IgG2b, IgM, IgG3, IgA, kappa, and lambda were used as secondary antibodies to bind with primary antibody respectively.

For epitope mapping, the truncated PEDV-N protein fragments or synthesized peptides were used as coating antigen for indirect ELISA assay. All other procedures were the same as mentioned above.

Indirect immunofluorescence assay {#Sec7}
---------------------------------

Vero-E6 cells adhering on the glass slide in a 24-well plate were inoculated with PEDV LJX01/2014 strain at MOI = 0.01 and cultured for 24 h in a CO~2~ incubator at 37 °C. Then, the cells were fixed with 4% paraformaldehyde for 20 min and treated with 0.1% Triton X-100 for 15 min at room temperature. Subsequently, the cells were blocked with 5% BSA for 1 h at 37 °C. After three washes with PBS, diluted mAbs produced in this study were used as a primary antibody for overnight incubation at 4 °C. Then, 1:5000 diluted AF488-labeled goat anti-mouse IgG was added for 1-h incubation in the dark at 37 °C. The nucleus was stained with DAPI for 3--5 min. Finally, the stained slides were observed under a Vert-A1 fluorescence microscope (Zeiss).

Western blotting {#Sec8}
----------------

The protein samples were subjected to 10% SDS-PAGE electrophoresis and then transferred onto the 0.45-μm PVDF membrane. Following blocking with 5% skim milk for 2 h at room temperature, the membrane was incubated with primary antibody overnight at 4 °C. After three washes with PBST, HRP-conjugated goat anti-mouse IgG was added to the membrane for 1-h incubation at 37 °C. The positive bands were visualized by electrochemiluminescence (ECL) reagent and developed on films.

For verifying the expression of recombinant proteins, the expressed or purified PEDV-N proteins (full length or truncated) were used as detecting proteins and His-tag mAb was served as the primary antibody. To identify the application of prepared mAbs on western blot analysis, cell lysates originating from PEDV-infected Vero-E6 cells were used as detecting proteins while the prepared mAbs were used as primary antibodies. Additionally, the β-actin was used as an internal control.

Flow cytometry analysis {#Sec9}
-----------------------

The single-cell suspension was prepared from PEDV-infected Vero-E6 cells and stained with either prepared mAbs or mouse IgG1 isotype control for 30 min on ice. After three washes, the cells were incubated with AF647-labeled goat anti-mouse IgG. All samples were resuspended in PBS and a BD Accuri C6 flow cytometer was used for detection. The flow cytometry data were analyzed using the FlowJo software.

Statistical analysis {#Sec10}
--------------------

Data were analyzed and processed by GraphPad Prism 6.0 software. Student's *t* test with two-tailed distribution and two-sample unequal variance was performed to determine statistical significance in pairwise comparisons.

Results {#Sec11}
=======

Expression and purification of recombinant PEDV-N protein {#Sec12}
---------------------------------------------------------

To express PEDV-N protein, the ORF of the N gene was firstly amplified with RT-PCR and cloned into pET-30(a) vector (Fig. [1](#Fig1){ref-type="fig"}a). The recombinant plasmid was verified by enzyme digestion with *Bam*H I and *Kpn* I, and PCR amplification with T7 and T-term universal primer set. The results showed the right sizes for both digestion and amplification verification (Fig. [1](#Fig1){ref-type="fig"}a). The recombinant plasmid was also subjected to DNA sequencing analysis and the results demonstrated that the N gene was successfully cloned into pET-30(a) vector and no mutant was found (data not shown).Fig. 1Expression and purification of recombinant PEDV-N protein. **a** The ORF of PEDV-N protein was amplified by RT-PCR and constructed into pET-30(a) vector. The plasmid of recombinant pET-N was extracted and identified by restriction endonuclease digestion and PCR amplification. **b** The recombinant plasmid pET-N was transformed into *E. coli* BL21(DE3) for protein expression. Recombinant PEDV-N protein was purified through Ni^2+^ column affinity chromatography. All protein samples were analyzed by SDS-PAGE and visualized by Coomassie Brilliant Blue staining. **c** The expressed and purified recombinant PEDV-N protein was identified by western blot using anti-His-tag primary antibody

The recombinant plasmid pET-N was then transformed into BL21(DE3) *E. coli* to express the target protein. SDS-PAGE results demonstrated that a specific protein band at approximately 70 kD was observed, compared with the expression products from pET-30(a) vector (Fig. [1](#Fig1){ref-type="fig"}b). The recombinant PEDV-N protein was purified with nickel column affinity chromatography and showed the recombinant PEDV-N in high purity was obtained (Fig. [1](#Fig1){ref-type="fig"}b). Western blot analysis using 6× His-tag mAb demonstrated the presence of recombinant PEDV-N protein (Fig. [1](#Fig1){ref-type="fig"}c). All these results indicated that the recombinant PEDV-N protein was successfully expressed and can be used to immunize mice for preparation of PEDV mAbs.

Preparation and characterization of PEDV-N mAbs {#Sec13}
-----------------------------------------------

The BALB/c mice were immunized three times with recombinant PEDV-N protein with 2-week intervals. When the serum antibody level against PEDV-N protein reached the platform phase, the mice were sacrificed and splenocytes were isolated and fused with SP2/0 cells. Cell culture medium was measured by ELISA to screen the antibody-secreting hybridoma cells. The cells in positive wells were subjected to three-round subcloning with limited dilution strategy. Eventually, six mAb-secreting hybridoma strains were obtained and named 2D3, 3F12, 4A3, 5F3, 5F6, and 7G3 respectively. These six hybridoma cell strains were subsequently injected into mouse peritoneal cavity to produce mAbs in the ascites. The isotype of prepared mAbs was then analyzed by SBA Clonotyping System. The results demonstrated that the heavy chains of all six prepared mAbs against PEDV-N were IgG1 (Fig. [2](#Fig2){ref-type="fig"}a) while all the light chains were κ a chain (Fig. [2](#Fig2){ref-type="fig"}b). The antibody titer of the collected ascites was titrated by indirect ELISA with a series of dilutions. The results showed that most mAbs prepared in this study can be used in 1:16,000 dilution and the 2D3 can be diluted at least 4000-fold (Fig. [2](#Fig2){ref-type="fig"}b). The purified mAb 5F3 was selected to measure its affinity using the method reported by Friguet et al. ([@CR6]), and it turned out that the5F3 had a high affinity at 6.69 × 10^−10^ M (Supplementary Table [S2](#MOESM1){ref-type="media"}).Fig. 2Preparation and identification of PEDV-N mAbs. BALB/c mice were immunized by purified PEDV-N protein three times with 2-week intervals. Splenocytes prepared from immunized mice were fused with SP2/0 cell. The hybridoma cells were subjected to three-cycle subcloning. A total of six hybridoma cell lines secreting PEDV-N antibodies were obtained. The **a** heavy chain and **b** light chain of these 6 prepared mAbs were identified by ELISA using an SBA Clonotyping System. **c** Mouse ascites producing PEDV-N mAbs were prepared and subjected to a series of dilutions for antibody titration by ELISA

Epitope mapping of prepared mAbs {#Sec14}
--------------------------------

To determine the fine epitopes recognized by these prepared mAbs, the full-length ORF of PEDV-N gene was truncated into five segments with 60-bp overlap between neighboring parts (Fig. [3](#Fig3){ref-type="fig"}a) and constructed into pET-30(a) vector for expression of five truncated proteins. The result showed that all five truncated N proteins were successfully expressed in BL21(DE3) *E. coli* (Supplementary Fig. [S1](#MOESM1){ref-type="media"}). The truncated PEDV-N proteins were used as coating antigen in an indirect ELISA assay to identify the locations of epitopes recognized by these mAbs. The results demonstrated that 3F12 and 7G3 had strong binding activity to PEDV N181-298 fragment while the 2D3 recognizes N271-379 (Fig. [3](#Fig3){ref-type="fig"}a). However, the remaining three mAbs, 4A3, 5F3, and 5F6, did not show any reactivity to all fragments except for the full-length PEDV-N protein (Fig. [3](#Fig3){ref-type="fig"}a), indicating these three mAbs may recognize conformational epitopes.Fig. 3Epitope mapping of prepared mAbs. **a** The full-length PEDV-N protein was truncated into 5 segments with 20-amino acid overlap between neighboring parts. These 5 truncated fragments were expressed in *E. coli* expression system and used as coating antigens of ELISA to determine the epitope-located region recognized by 2D3, 3F12, 4A3, 5F3, 5F6, and 7G3 mAbs. **b** The fragment of PEDV N181-379 was divided into 9 peptides with 20-amino acid overlap. These 9 peptides were synthesized and used as coating antigen of ELISA to further map the epitope locations of 2D3, 3F12, and 7G3. **c** A panel of shortened peptides covering the whole or part of PEDV N221-240 fragment were synthesized and used as coating antigens of ELISA to determine the fine epitope of 7G3 and 3F12

Next, we synthesized a panel of 40-amino acid peptides covering the PEDV N181-379 fragment with 20-amino acid overlap between neighboring peptides to further map the epitopes recognized by 2D3, 3F12, and 7G3 (Fig. [3](#Fig3){ref-type="fig"}b). The synthesized peptides were used as coating antigens to measure the reactivity with these mAbs by indirect ELISA. The results demonstrated that 3F12 and 7G3 showed strong reactivity with both N201-240 and N221-260 peptides (Fig. [3](#Fig3){ref-type="fig"}b), indicating their epitopes may be located in the N221-240 fragment. However, 2D3 did not react with any of these synthesized peptides (Fig. [3](#Fig3){ref-type="fig"}b), implying that 2D3 should recognize a conformational epitope formed by N271-379 fragment.

In order to map the fine epitopes recognized by 3F12 and 7G3, another panel of peptides covering the N221-240 fragment was synthesized as indicated in Fig. [3](#Fig3){ref-type="fig"}c. Again, these peptides were used as coating antigens for indirect ELISA. The results demonstrated that the epitope recognized by 3F12 was N223-235, VAAKDALKSLGI (Fig. [3](#Fig3){ref-type="fig"}c). Unfortunately, 7G3 did not show any reactivity with any peptide in this panel, suggesting that 7G3 may recognize a conformational epitope formed by N221-240 fragment.

Applications of prepared mAbs {#Sec15}
-----------------------------

We next tested the applications of these prepared mAbs on ELISA. The purified PEDV-N protein was coated on an ELISA plate and all prepared mAbs were added to each coated well respectively as primary antibodies. After incubation with secondary antibody and developing, the readout of the ELISA plate demonstrated that all six mAbs can be used as primary antibodies to detect PEDV-N protein using the ELISA assay, with the best reactivity obtained from 2D3, 3F12, 5F6, and 7G3 strains (Fig. [4](#Fig4){ref-type="fig"}a). Additionally, we evaluate the sensitivity of detection of our prepared mAbs. The results showed that all six prepared mAbs could detect as little as 4.87--9.7 ng of purified PEDV-N protein (Supplementary Fig. [S2](#MOESM1){ref-type="media"}).Fig. 4Functional analysis of prepared mAbs. **a** The 6 prepared mAbs were used as the primary antibody in an indirect ELISA to test their reactivity with PEDV-N protein. Vero-E6 cells were inoculated with PEDV LJX01/2014 strain at MOI = 0.01 and harvested at 24 hpi. **b** The cell lysate was employed to determine the reactivity with these 6 prepared mAbs in western blot assay. **c** PEDV-infected or mock-infected Vero-E6 cells were fixed with 4% paraformaldehyde, treated with 0.1% Triton X-100, and then incubated with 6 prepared mAbs respectively. After incubating with AF488-labeled secondary antibody, the cells were stained with DAPI and visualized under fluorescent microscopy. The figures were merged from AF488 staining and DAPI staining. **d** The single-cell suspension was prepared, stained with the 6 mAbs, respectively, and then AF647-labeled goat anti-mouse secondary antibody. Mouse IgG1 was used as an isotype control. The cells were resuspended in PBS and analyzed by a BD Accuri C6 flow cytometer

To verify whether these mAbs were applicable to western blot assay, IFA, and flow cytometry assay, Vero-E6 cells were inoculated with PEDV and harvested at 24 hpi. For western blot analysis, PEDV-infected or mock-infected cells were harvested and lysed with lysis buffer. Total proteins in cell lysates were firstly isolated in an SDS-PAGE gel and then blotted onto a PVDF film. The film was split by lanes and incubated in diluted mAbs respectively. The western blot results showed that all mAbs can be used to detect N protein in PEDV-infected Vero-E6 cells while no non-specific bands were found in the mock-infected cells (Fig. [4](#Fig4){ref-type="fig"}b). For IFA detection, the PEDV-infected cells were attached to a glass slide and stained with these prepared mAbs. The results revealed that all the mAbs worked very well in the IFA assay, without non-specific staining on mock-infected cells (Fig. [4](#Fig4){ref-type="fig"}c). For flow cytometry analysis, a single-cell suspension of PEDV-infected Vero-E6 cells was prepared and incubated in six diluted mAbs respectively while the mouse IgG1 was used as isotype control. The flow cytometry results manifested that all the prepared mAbs can be used in flow cytometry to detect the PEDV-infected cells (Fig. [4](#Fig4){ref-type="fig"}d). The purified 5F3 mAb was selected and titrated on PEDV-infected Vero-E6 cells by flow cytometry. The results demonstrated this mAb is workable for as little as 0.031 μg per reaction (Supplementary Fig. [S3](#MOESM1){ref-type="media"}). Further flow cytometry analyses indicated that all these mAbs could also be used to detect the infection caused by a classical PEDV strain, CV777 (Supplementary Fig. [S4](#MOESM1){ref-type="media"}). All these results implied that these six mAbs prepared in this study were functional and useful for analyzing PEDV infection.

Discussion {#Sec16}
==========

Early detection of PEDV infection is of great importance due to its severe impact on the swine industry worldwide. However, the detection methods targeting the spike protein of PEDV lack accuracy because mutations always occur in this protein. Currently, cumulative mutations of virulent PEDV strains have led to the change of their antigenicity, resulting in a decrease or failure in the efficacy of the vaccines which originated from the classical strain CV777 (Song et al. [@CR20]). Additionally, PEDV is often coinfected with some other diarrheal viruses (Zhang et al. [@CR29]; Zhao et al. [@CR30]). Meanwhile, the clinical symptoms between the PEDV and other porcine diarrheal viruses share a high similarity (Lin et al. [@CR15]; Wang et al. [@CR25]). Therefore, it is critically important and urgent to develop tools for detection of PEDV infection.

The N protein is an ideal target for early detection of PEDV or other coronavirus infections due to the following features and functions (Li et al. [@CR13]; Totura and Baric [@CR24]). Firstly, the N protein is a phosphorylated protein that binds stably to the viral RNA to form a nucleocapsid of the helical structure, which is involved in the transcription and translation of the viral genome, thereby affecting the replication of the virus (Hiscox et al. [@CR7]; Saif [@CR18]; Yang et al. [@CR27]; You et al. [@CR28]). In addition, the N protein interacts with the M protein to form budding vesicles, which is involved in the release process of the virus. The PEDV-N protein was reported to inhibit the production of type I interferon and activate the NF-κB pathway to escape the host's antiviral immunity (Ding et al. [@CR4]). What's more, the N protein can be transported between nucleoli and cells via nuclear export signals (NES) using the CRM1-dependent pathway (Shi et al. [@CR19]). More importantly, the N protein is highly conserved between PEDV strains (Li et al. [@CR14]; Song et al. [@CR20]). We selected some nucleoproteins of representative viral strains from different swine coronaviruses to compare their homologies with our PEDV strain LJX01/2014. The results showed that all the homologies of nucleoprotein between selected coronaviruses and PEDV LJX01/2014 are less than 44% (Supplementary Table [S3](#MOESM1){ref-type="media"}). In addition, we analyzed the nucleoprotein homologies between PEDV LJX.01/2014 and other representative PEDV strains (classical or virulent) isolated from different countries and years. The results demonstrated that their nucleoprotein homologies between selected PEDV strains and LJX01/2014 are above 97% (Supplementary Table [S4](#MOESM1){ref-type="media"}). These results indicated that nucleoprotein is highly conserved within PEDV strains while varying between different genuses of coronavirus. As a result, the PEDV-N protein can be used as a candidate for early detection of PEDV infection in vivo and in vitro.

To develop specific tools to facilitate PEDV detection, we prepared PEDV-N protein in high purity and generated six mAbs targeting this protein. Among these six mAbs, 3F12 recognizes a linear epitope (VAAVKDALKSLGI) while the other five mAbs recognize different conformational epitopes formed by a specific peptide fragment or the full length of N protein. Xie et al. recently reported two N-terminal epitopes located within residues 58--85 had cross-reactivity between PEDV and TGEV (Xie et al. [@CR26]). However, all six mAbs prepared in this study recognized the epitopes located between residues 201--379 of PEDV nucleoprotein. Therefore, the mAbs we generated might be specific to PEDV infection. The functional analysis indicated that all six mAbs were applicable to ELISA, western blot, IFA, and flow cytometry assay. In addition, the PEDV-neutralizing activity of these six mAbs was determined by antibody neutralization assay. Unfortunately, none of these six mAbs can neutralize PEDV, which was different from the neutralization effect obtained from the antibodies originating from PEDV-S protein (Li et al. [@CR10]; Liu et al. [@CR16]; Okda et al. [@CR17]).

In conclusion, we developed six mAbs against PEDV-N protein to facilitate the early detection of PEDV infection using ELISA, western blot, IFA, and flow cytometry assay.
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